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Abstract—Due to the complexity of detailed models, the 
single-generator equivalent model (SEM) of a wind farm is 
commonly used to facilitate the stability analysis. However, the 
adequacy of the SEM for stability analysis in direct-drive wind 
farms with VSC-HVDC systems is still uncertain. Therefore, this 
paper analyzes the SEM adequacy in two aspects: the oscillation 
modes analysis and the sub-synchronous oscillation (SSO) 
stability enhancement by optimizing wind farm parameters. 
Firstly, various critical oscillation modes are characterized 
according to the frequency, and a comparison of these modes 
between the two-generator equivalent model and the SEM is 
presented. The effect of single-generator aggregation on the 
critical oscillation modes is discussed. Then, the impact of 
permanent magnet synchronous generator (PMSG) parameters 
on the inside-wind-farm/wind-farm-grid SSO modes is explored. 
It is revealed that with the change of PMSG parameters, the 
damping effect of the two SSO modes is identical. This implies 
that the SEM can be used to improve the SSO stability of the 
multi-machine system by optimizing the PMSG parameters. 
PSCAD/EMTDC simulations are further performed to verify the 
theoretical analysis. 
Index Terms—Direct-drive permanent magnetic synchronous 
generator, eigenvalue, equivalent model, stability, 
sub-synchronous oscillation, VSC-HVDC.1 
I.  INTRODUCTION 
UE to restrictions on land space and wind energy sources, 
large-scale offshore wind farms are deployed far from the 
onshore power nodes. When the transmission distance is more 
than 90 km (common in offshore wind farms), the voltage 
source converter-based HVDC (VSC-HVDC) technology is 
more economical for grid connection [1]. As for offshore wind 
generators, the direct-drive permanent magnet synchronous 
generator (D-PMSG) is reliable and effective, which does not 
have gearboxes and any excitation control systems [2]. Thus, 
the direct-drive wind farm with the VSC-HVDC (DDWFV) is a 
promising wind energy solution. 
However, the stability of the offshore wind farm with 
VSC-HVDC is a key issue since there is no direct connection 
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from the AC collection bus to a strong AC grid [3]. To 
investigate the instability in wind farms with VSC-HVDC 
connections [4], [5], a detailed dynamic model should be built. 
However, a wind farm model may be comprised of tens or even 
hundreds of wind turbine generators (WTGs), which 
significantly enlarges the size of the model and affects the 
modeling efficiency. Equivalent reduced-order wind farm 
models have thus been proposed in many power-system studies 
to enable a fast but accurate assessment of the wind farm 
performance and the impact on the power grid [6]. The wind 
farm equivalent models can be obtained using an aggregation 
method [7], linear/nonlinear model order reduction techniques 
[8]-[10], [11], equivalent state variables transformation [12], 
and similarity transformation theory [13]. Compared with the 
other methods, the aggregation method was widely used in 
wind farms equivalence because of its clear physical meanings 
and possibility of physical modeling. The aggregated model 
can be further divided into the single-generator equivalent 
model (SEM) and multi-generator equivalent model (MEM). 
Compared with the MEM, the SEM requires a small amount of 
calculations and is even better in certain scenarios [14]. With 
this, instead of proposing a novel equivalent method, the focus 
of this paper will be on the small-signal stability assessment of 
the SEM in the DDWFV. To facilitate the following discussion, 
the inside-wind-farm oscillation modes are defined as the 
oscillation modes affected by PMSGs rather than by the 
VSC-HVDC through the participation factors analysis. The 
wind-farm-grid oscillation modes are defined as the oscillation 
modes affected by PMSGs and VSC-HVDC systems through 
the participation factors analysis. 
At present, to analyze the small-signal stability of the 
DDWFV, the SEM is commonly used [15]-[19], but the 
adequacy of the SEM for stability analysis in the DDWFV has 
not been discussed yet. As a method to represent the wind farm 
by a single WTG, the capacity-weighted mean value method 
has been widely used in engineering practice, but the accuracy 
of this method is questionable [20]-[22]. A drawback of the 
SEM lies in that the dynamic characteristics within wind farms 
may be hidden or the dynamic characteristics of certain critical 
oscillation modes may be misrepresented [23], [24]. When a 
wind farm is integrated into an AC network, the SEM has been 
used in many cases to represent the general dynamic behavior 
of the wind farm at the point of common coupling (PCC) 
[25]-[27]. However, the dynamic behavior at the PCC cannot 
represent the dynamic characteristics inside the wind farm, 
especially the internal interactive dynamics among WTGs [28]. 
Thus, an exhaustive stability comparison between the detailed
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model and the SEM should be performed, and then, the 
adequacy of the SEM for the small-signal stability analysis can 
be explored. 
Different aggregated models have been compared in the 
literature. In [6], the SEM, the semi aggregated model, and the 
MEM were compared by simulations at the PCC. Based on the 
aggregation criterion, three aggregated PMSG wind farm 
models were compared by simulations at the PCC [7]. In [14], 
an exhaustive simulation at the PCC was presented to validate 
the adequacy of the SEM and the MEM, and it was concluded 
that we cannot take it for granted that an MEM performs better 
than an SEM. By incorporating the nonlinear wake model and 
frequency-regulation function, a multi-machine doubly fed 
induction generator (DFIG) equivalent method was proposed in 
[29] and compared with the SEM. Considering the DFIGs’ low 
voltage ride-through (LVRT) behaviors, the “error and impact” 
of an aggregation-based representation of wind farms was 
analyzed in [20], [30]. It was concluded in [20] that the 
equivalent error of the SEM mainly resulted from the active 
power recovery stage during the fault-ride-through (FRT) 
process. In [31], a dynamic simulation comparison between the 
single- and multiple-turbine representation was presented in a 
wind farm. It can be found in [6], [7], [14], [20], [29]-[31] that 
the comparisons between various aggregated models and the 
validations of improved aggregated models were performed by 
simulations at the PCC. However, time-domain simulations 
cannot clearly reveal all oscillation modes and their 
manifestations. Thus, the simulations cannot be used to 
evaluate the effectiveness of the equivalent models in 
small-signal stability analysis, and then guidelines for future 
equivalence cannot be proposed properly [32]. Moreover, the 
simulations at the PCC cannot reflect the dynamic interactions 
among WTGs. 
In light of this, the small-signal stability analysis was 
performed to evaluate the wind farm equivalent models [12], 
[13], [24], [32]-[39]. To estimate the equivalent parameters of 
DFIG wind farms, an aggregation technique consisting of a 
hybrid algorithm was proposed by using the measurement data 
from phasor measurement units (PMUs) [33]. The PMU was 
also applied in [34], [35] to identify the equivalent parameters 
of hybrid WTGs. The improved aggregated models in [33]-[35] 
were evaluated by modal comparisons with the detailed model. 
Based on the impedance analysis method, the DFIG and PMSG 
models were simplified into impedance models, and then 
aggregated impedance models were proposed to investigate the 
sub-synchronous oscillation (SSO) of wind farms [36], [37], 
where the impedance characteristics analysis was performed to 
evaluate the aggregated impedance models. To facilitate the 
small-signal stability analysis of wind farms, three equivalent 
methods were proposed by modal participation factor 
aggregation criterion [32], equivalent state variables 
transformation [12], and similarity transformation theory [13]. 
To investigate the impact of the SEM on the critical modes 
under weak grid conditions compared to the MEM, a 
small-signal based benchmarking between the two equivalent 
models was presented in [24]. In [38], [39], the oscillation 
modes comparisons between the detailed model and the SEM in 
the case of a large number of grid-connected inverters were 
presented. 
Although there is an adequacy study on the equivalent 
models for small-signal stability analysis in wind farms directly 
connected to an AC grid [12], [13], [24], [32]-[37] and 
grid-connected inverters [38], [39], the accuracy of the SEM 
has not been studied in the case of the DDWFV. Different from 
the wind farms directly connected to the AC grid, the 
oscillation interactions between the grid-side converter (GSC) 
of the PMSG and the rectifier (REC) of the VSC-HVDC exist 
in the DDWFV [3]. Although the adequacy of the MEM for the 
oscillation modes analysis was explored in wind farms with 
VSC-HVDC systems [23], [40], the converter dynamics of the 
VSC-HVDC were neglected and represented only by an 
impedance, and the adequacy of the SEM was not discussed. 
On the other hand, the adequacy of the SEM for improving the 
SSO stability by optimizing PMSG parameters is still unclear. 
As there are inside-wind-farm and wind-farm-grid SSO modes 
in the DDWFV [23], [41], there is a damping coupling 
relationship between the two oscillation modes with the change 
of PMSG parameters. Thus, while using the SEM to improve 
the SSO stability by adjusting PMSG parameters, the 
inside-wind-farm SSO damping in practical multi-generator 
models also changes. When the damping trends of 
inside-wind-farm and wind-farm-grid SSO modes are not 
identical, the inside-wind-farm SSO damping will decrease and 
practical multi-generator models will become risky of 
instability due to the tuning of PMSG parameters.  Although the 
inside-wind-farm SSO modes have been detected in the 
DDWFV [23], the impact of system parameters on the SSO 
interaction modes was not analyzed. 
In brief, through the above analysis, three gaps exist in the 
SEM studies of the DDWFV: a) the adequacy of the SEM for 
oscillation modes analysis has not been analyzed, b) the impact 
of PMSG parameters on inside-wind-farm SSO modes has not 
been analyzed, c) the adequacy of the SEM for improving the 
SSO stability by optimizing PMSG parameters has not been 
explored, neither in the DDWFV nor in the direct-drive wind 
farms directly connected to the AC grid. 
To fill in the three gaps in this paper, the adequacy of the 
SEM for stability analysis in the DDWFV is analyzed in two 
aspects: the oscillation modes analysis and the SSO stability 
enhancement by optimizing the PMSG parameters. Meanwhile, 
the inside-wind-farm SSO characteristics are investigated in the 
process of the adequacy analysis. Aiming at a), various 
oscillation modes are classified according to the frequency. A 
comparison of critical oscillation modes between the 
two-generator equivalent model (TEM) and the SEM is 
presented, and the impact of the SEM on the oscillation modes 
analysis is discussed. To fill in the gap b), the impact of PMSG 
parameters on the inside-wind-farm SSO characteristics is 
analyzed by the eigenvalue analysis. Regarding c), the damping 
coupling characteristics between the inside-wind-farm SSO 
modes and wind-farm-grid SSO modes are explored, and then 
the adequacy of the SEM for improving the SSO stability by 
optimizing PMSG parameters is explored. 
The rest of this paper is organized as follows. In Section II, 
the small-signal model of the DDWFV is built. Subsequently, 
the comparison of the critical oscillation modes between the 
TEM and the SEM is presented in Section III, where the 
adequacy of the SEM for oscillation modes analysis is 
discussed. By exploring the damping coupling characteristics 
between inside-wind-farm SSO modes and wind-farm-grid 
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SSO modes, the adequacy for improving the SSO stability by 
optimizing PMSG parameters is analyzed in Section IV. 
Concluding remarks are given in Section V. 
II. MODELING OF THE DDWFV 
The structure of a multi-PMSG based wind farm with the 
VSC-HVDC is shown in Fig. 1. The system is divided into two 
parts: wind farms and VSC-HVDC system. The wind farms 
include several PMSG power generation systems. After the 
back-to-back conversion, the voltage is converted to 35 kV by 
the machine-side step-up transformer T1, and then transferred 
to the busbar e through submarine AC transmission cables. 
Finally, the AC voltage is converted to 110 kV by an offshore 
step-up transformer T2, and then, the wind power is delivered to 
the VSC-HVDC system. The machine-side converter (MSC) 
adopts the space vector control strategy based on the rotor flux 
linkage, and the GSC utilizes the space vector control strategy 
based on the grid voltage. 
A. Dynamic Model of Wind Farms 
A complete dynamic model of the PMSG wind farm includes 
the drive train, PMSG, back-to-back converter, phase-locked 
loop (PLL), and collector lines. The derivation of these 
dynamic models has been well documented in [28], [42] and 
will not be discussed here. The MSC controls the d-axis current 
to be 0, which minimizes the loss in the generator. The DC 
voltage and reactive power are controlled by the GSC. The PLL 
control structure of the PMSG adopts the structure in [28]. The 
control of the back-to-back converter uses the method in [43]. 
The system and control parameters of the single PMSG power 
generation system are the same as those in [43], where the 
bandwidths of the PLL, outer loop DC voltage control and inner 
loop current control are 3 Hz, 45 Hz and 477 Hz, respectively. 
The wind speed is set to 8 m/s, and the initial parameters of 
each PMSG power generation system are identical. 
Considering the dynamic modeling of the drive train, PMSG, 
back-to-back converter, PLL, and wind power collector lines, 
the state variables of each PMSG power generation system are 
divided into five groups according to the relevant modules, as 
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GROUPING OF STATE VARIABLES IN EACH PMSG POWER GENERATION 
SYSTEM 
Modules State variables 
Shaft Wind turbine speed: ωs 
PMSG Stator current: ids and iqs 
Back-to-back 
converter 
DC voltage: uDC 
d-axis current controller of MSC: x1 
Constant speed controller: x2 and x3 
Constant DC voltage controller: x4 and x5 
q-axis current controller of GSC: x6 
Grid-connected 
collector lines 
GSC side current: idg and iqg 
GSC side voltage: udg and uqg 
Collector line current: id and iq 
PLL xa and xb 
where kppll and Tipll are the proportional coefficient and integral 
time constant in the PLL, respectively (kppll = 5, Tipll = 9). ω0 = 
2πf0 is the reference angular frequency with f0 = 50 Hz. The 
subscript “ref” implies the reference value of variables, and the 
subscripts d and q imply the d- and q-axis components of 
variables, respectively. The variables of the single PMSG 
power generation system include the state variables xwi = [ωsi, 
idsi, iqsi, uDCi, x1i, x2i, x3i, x4i, x5i, x6i, idgi, iqgi, udgi, uqgi, idi, iqi, xai, 
xbi], the input variables uwi = [idsrefi, ωsrefi, uDCrefi, iqgrefi], and i 
represents the i-th PMSG power generation system. Therefore, 
each PMSG power generation system contains 18 state 
variables and 4 input variables. 
PMSG1

















































          
















Fig. 1.  Configuration of a direct-drive wind farm with VSC-HVDC systems: MSC - machine-side converter, GSC - grid-side converter, REC - rectifier. 
 
Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on October 09,2020 at 09:47:19 UTC from IEEE Xplore.  Restrictions apply. 
0885-8969 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2020.3028546, IEEE
Transactions on Energy Conversion
4 
 
B. Dynamic Model of the VSC-HVDC 
In Fig. 1, the REC controls the amplitude and frequency of us, 
and the inverter controls the DC voltage. Supposing that the 
onshore AC grid is strong, the DC bus voltage can be kept 
constant by the inverter station, and then, a constant DC voltage 
source is applied to be equivalent to the function of the inverter 
station, shown as udc in Fig. 1 [15]. A complete dynamic model 
of the VSC-HVDC includes the AC system network, DC 
system network, REC controller, and PLL controller, which 
have been well discussed in [44]. The control structure of the 
REC adopts the structure in [43], and the PLL of the 
VSC-HVDC takes the reference angular frequency ω0 as the 
input signal, and thus, there is no state variable in the PLL of 
the VSC-HVDC [3]. The parameters of the VSC-HVDC are the 
same as those in [43], where the bandwidth of the inner loop 
current control is 203 Hz. 
Considering the dynamic modeling of the AC system, DC 
system, and REC, the state variables of the VSC-HVDC system 
are obtained. They are divided into three groups according to 
the relevant modules, as shown in Table II, where x7 and x8 are 
given as 








x t i i







The state variables of the VSC-HVDC system are xv = [uds, 
uqs, idv, iqv, idc, udc1, x7, x8], and the input variables are uv = [udsref, 
uqsref]. Therefore, the VSC-HVDC contains 8 state variables 
and 2 input variables. 
TABLE II 
GROUPING OF STATE VARIABLES IN THE VSC-HVDC 
Modules State variables 
AC system 
AC voltage: uds and uqs 
AC current: idv and iqv 
DC system DC current and DC voltage: idc and udc1 
REC 
Inner loop of d-axis voltage controller: x7 
Inner loop of q-axis voltage controller: x8 
C. Small-Signal Model 
According to the dynamic modeling of the above subsystems, 
the complete dynamic mathematical model of the DDWFV can 
be obtained. The process of modeling, linearization, and 
eigenvalues solution using MATLAB/Simulink is directed to 








A x B u  (3) 
where Δx is the linearized state variable, Δu is the linearized 
input variable, A is the state matrix, and B is the input matrix. 
For an N-machine with the VSC-HVDC system, the state 
variables are xN = [xw1, xw2, … , xwN, xv]T, and the input 
variables are uN = [uw1, uw2, … , uwN, uv]T. 
III. ADEQUACY FOR OSCILLATION MODES ANALYSIS 
A. Equivalent Principle 
Referring to the equivalent principle of [45], each wind farm 
is assumed to have 40 turbines with 2.5 MW capacity for each. 
To simplify the system model, 40 turbines are lumped into one 
unit of 100 MW PMSG power generation capacity, as shown in 
Fig. 1. The equivalent PMSG power generation system consists 
of a generator, a transformer, and an impedance. The following 
assumptions to derive the aggregated model are made: 
1) Currents in the collector system shunt admittances are 
negligible. 
2) Reactive power generated by line shunt capacitors is based 
on the assumption that the voltage at the buses is one per 
unit. 
The aggregation of WTGs, transformers, and collector cables 
are performed as follows: 
1) Aggregation of WTGs: The capacity of the equivalent 
machine is equal to the sum of the capacities of the generators 
aggregated. The electrical and mechanical parameters of the 
aggregated machine in per unit are the same as the WTG in 
respective machine base. The equivalent wind speed is obtained 
















  (4) 
where f is the power-wind speed curve, N is the number of the 
WTGs aggregated, and veq is the equivalent wind speed.  
2) Aggregation of the transformers and collector cables: The 
capacity of the equivalent transformer is equal to the sum of the 
capacities of the transformers aggregated. For wind farms in 
parallel, the equivalence process of the transformers and 




















Fig. 2.  Equivalent process of transformers and collector cables: (a) N WTGs in 
parallel connection and (b) Equivalent circuit. 
Fig. 2(a) shows N WTGs in parallel, and Zm (m = 1, 2, …, N) 
denotes the impedance of transformers or collector cables in 
m-th WTG. As each WTG is controlled to have a unity power 
factor, the apparent power Sm in the m-th WTG can be 
substituted by the rated active power Pm of the m-th WTG. The 
voltage drop ΔVm across Zm is written as 
 ( / ) /m m m m m m mV i Z S V Z P Z V = = =  (5) 
where V is the voltage at the buses. Then, the apparent power 
loss across Zm is derived as 
 * * 2 2( / )( / ) /m m m m m m m mS V i P Z V P V P Z V =  = =  (6) 
Fig. 2(b) shows the equivalent circuit to represent the 
aggregated transformers or collector cables, and Z0 is the 
equivalent impedance. The voltage drop ΔV0 and apparent
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Fig. 3.  Two-generator equivalent model (TEM) and the single-generator equivalent model (SEM) of the direct-drive wind farms with the VSC-HVDC.
power loss ΔS0 across Z0 are derived as 
 






V i Z P Z V
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 = =  (7) 
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S V i P Z V P V P Z V
= = =
 =  = =    (8) 
Based on the principle that the apparent power losses in the 
equivalent impedance are equal to the apparent power losses in 
the impedances aggregated, by combining (6) and (8), the 























Meanwhile, considering that the bus voltage is close to unity 
under normal conditions, the shunt admittance of the equivalent 
collector cable is equal to the sum of all the admittances in the 









=  (10) 
where B0 is the equivalent shunt admittance of the collector 
cable, and Bm (m = 1, 2, …, N) denotes the shunt admittance of 
the collector cable in m-th WTG. 
The other equivalent system parameters and control 
parameters remain unchanged. Based on the above equivalent 
principle, the adequacy of the SEM for oscillation modes 
analysis will be discussed by comparing the following models: 
1) The TEM: The multi-machine model is normally grouped 
based on the coherency criterion, e.g., wind speed, wind 
direction, and layout of wind farms [38]. Assuming that every 
40 WTGs present similar dynamic characteristics, the 
multi-machine model of the wind farm can be divided into two 
models, each with 100 MW (40 × 2.5 MW) capacity. Such 
two-machine aggregation can also refer to [24], [47]. In this 
case, the whole wind farm is modelled by two equivalent 
WTGs with 100 MW capacity for each, as shown in Fig. 3. 
2) The SEM: The full aggregated model of a large wind farm 
with 200 MW (80 × 2.5 MW) capacity. In this case, the whole 
wind farm is lumped into one equivalent WTG with 200 MW 
rated power, as shown in Fig. 3. It is worth pointing out that the 
SEM can be regarded as the further aggregated model of the 
TEM, whereas the TEM is regarded as the detailed model in 
such case [45]. Thus, applying the TEM to imitate the detailed 
model for oscillation modes comparison with the SEM is 
reasonable. 
B. Modes Comparison Between the SEM and the TEM 
The critical oscillation modes are analyzed under the SEM 
and the TEM by the eigenvalue analysis, as listed in Tables III 
and IV. To facilitate the oscillation modes comparison between 
the SEM and the TEM, the SSO mode, medium-frequency 
mode and high-frequency mode are defined [41]. 
TABLE III 







A1 12.973±j102.64 16.34 -0.1254 

























F1 11.983±j104.15 16.58 -0.1143 
F2 8.5598±j105.46 16.78 -0.0809 
F3 -31.768±j3651.4 581.14 0.0087 
F4 -214.60±j1327.4 211.26 0.1596 
F5 -88.761±j774.91 123.33 0.1138 
1) SSO Mode: Modes having frequencies in the range of 2.5 Hz 
to 50 Hz. There is one SSO mode (A1) in the SEM and two 
SSO modes (F1 and F2) in the TEM. 
2) Medium-Frequency Mode (MFM): Modes having 
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frequencies in the range of 50-500 Hz. There are four MFMs 
(A2, A4, A5, and A6) in the SEM and two MFMs (F4 and F5) 
in the TEM. 
3) High-Frequency Mode (HFM): Modes having frequencies in 
the range of 500 Hz to 2 kHz. There is one HFM (A3) in the 
SEM and one HFM (F3) in the TEM. 
To obtain the state variables that affect these oscillation 
modes in the SEM and the TEM, the main participating state 
variables and corresponding normalized participation factors of 
these modes are calculated, as shown in Table V, where the 
participating state variables with low participation factors are 
not listed. To facilitate the subsequent analysis without loss of 
generality, the oscillation modes with similar participating state 
variables and participation factors are considered to be the same 
type of oscillation modes, and the other modes are considered 
as the extra modes. 
C. Analysis of SSO Modes 
It is noticeable that both models have the same type of 
unstable SSO modes (A1 and F1). The frequency and damping 
ratio of the two SSO modes are almost identical. It can be seen 
from Table V that the two SSO modes are mainly influenced by 
uDC, x4, x5, idg in PMSGs and uds, idv, x7 in the VSC-HVDC. 
Therefore, A1 and F1 are not only affected by the DC voltage 
controllers of PMSGs, but also affected by the d-axis voltage 
controller of the VSC-HVDC. That is, the two SSO modes are 
wind-farm-grid SSO2 modes. 
Compared with the SEM, the TEM has one more SSO mode 
F2, and F2 shows negative damping of the system. F2 is mainly 
influenced by uDC, x4, x5, idg in PMSGs, and not affected by the 
VSC-HVDC. Thus, F2 is an inside-wind-farm SSO1 mode 
which is affected by the DC voltage controllers of PMSGs. The 
SEM can reflect the wind-farm-grid SSO2 modes, but it hides 
the inside-wind-farm SSO1 modes because it does not consider 
the interactions among multiple PMSGs in wind farms. 
D. Analysis of MFMs 
As it can be seen from Table V, A4 and A5 in the SEM 
correspond to F4 and F5 in the TEM, respectively. They have 
main participation from the VSC-HVDC part and minor 
participation from the wind farm. It should be noted that 
although they have similar oscillation frequencies, there is a 
significant difference between the damping ratios of A4 and F4. 
Compared with the TEM, the SEM has two more MFMs, i.e., 
A2 and A6. A2 is negatively damped to the system, and A6 
shows weak damping to the system. It can be seen from Table 
V that A2 and A6 are related to the state variables of the wind 
farm and the VSC-HVDC, which means that they are 
wind-farm-grid oscillation modes. In addition, the participation 
of the wind farm in A2 and A6 is larger than that of the 
VSC-HVDC. These modes are the result of equivalencing cable 
parameters and representing them as lumped elements. 
Considering the inertia of the SEM to represent a two-generator 
model, the SEM has two times higher inertia compared with 
one generator in the TEM, which moves certain HFMs in the 
TEM to the range of the MFMs [40]. This explains why certain 
additional MFMs appear in the SEM. 
E. Analysis of HFMs 
As it can be seen from Table V, HFMs, i.e., A3 and F3, have 
the same participating state variables and normalized 
participation factors from the DC system of the VSC-HVDC. 
As the modeling of the VSC-HVDC subsystem remains 
unchanged in the SEM and the TEM, the oscillation 
frequencies and damping ratios of A3 and F3 are identical. 
F. Simulation Results 
1) SEM Simulation Verification: In order to verify the 
eigenvalue analysis in Table III under the SEM, a simulation 
model of the SEM referring to Fig. 3 is built in 
PSCAD/EMTDC. The parameters of the initial detailed model 
are given in [43]. It was revealed in [48] that the discrepancies 
TABLE V 




Participating state variables and corresponding 
normalized participation factors in bracket 
Corresponding 
modes 
Participating state variables and corresponding 
normalized participation factors in bracket 
SSO mode A1 Equivalent PMSG (0.8451): 
uDC (0.3808), x4 (0.3687), x5 (0.0048), idg (0.0908) 
VSC-HVDC (0.1471): 
uds (0.0465), idv (0.0447), x7 (0.0559) 
SSO mode F1 1st PMSG (0.4602)/2nd PMSG (0.4602): 
uDC1,2 (0.2033), x41,42 (0.1973), x51,52 (0.0026), idg1,2 (0.0570) 
VSC-HVDC (0.0793): 
uds (0.0251), idv (0.0242), x7 (0.0300) 
MFM A4 Equivalent PMSG (0.4305): 
udg (0.3281), uqg (0.0136), id (0.0839), iq (0.0049) 
VSC-HVDC (0.5673): 
uds (0.2760), uqs (0.0162), idv (0.1253), iqv (0.0074), 
x7 (0.1345), x8 (0.0079) 
MFM F4 1st PMSG (0.1459)/2nd PMSG (0.1459): 
udg1,2 (0.1112), uqg1,2 (0.0046), id1,2 (0.0284), iq1,2 (0.0017) 
VSC-HVDC (0.7058): 
uds (0.3070), uqs (0.0169), idv (0.1819), iqv (0.0100), 
x7 (0.1801), x8 (0.0099) 
MFM A5 Equivalent PMSG (0.0553): 
udg (0.0280), uqg (0.0122), id (0.0082), iq (0.0069) 
VSC-HVDC (0.9435): 
uds (0.0015), uqs (0.0280), idv (0.0226), iqv (0.4351), 
x7 (0.0225), x8 (0.4338) 
MFM F5 1st PMSG (0.015)/2nd PMSG (0.015): 
udg1,2 (0.0076), uqg1,2 (0.0033), id1,2 (0.0022), iq1,2 (0.0019) 
VSC-HVDC (0.9687): 
uds (0.0057), uqs (0.0419), idv (0.0555), iqv (0.4057), 
x7 (0.0554), x8 (0.4045) 
HFM A3 VSC-HVDC (1.0000): idc (0.5000), udc1 (0.5000) HFM F3 VSC-HVDC (1.0000): idc (0.5000), udc1 (0.5000) 
Extra modes  Extra modes  
MFM A2 Equivalent PMSG (0.5206): 
udg (0.3676), uqg (0.0154), id (0.1280), iq (0.0096) 
VSC-HVDC (0.4779): 
uds (0.2752), uqs (0.0144), idv (0.0962), iqv (0.0050), 
x7 (0.0828), x8 (0.0043) 
SSO mode F2 1st PMSG (0.5000)/2nd PMSG (0.0005): 
uDC1,2 (0.2198), x41,42 (0.2145), x51,52 (0.0028), idg1,2 (0.0629) 
MFM A6 Equivalent PMSG (0.9532):  udg (0.0548), uqg (0.4408), id (0.0271), iq (0.4305)  
VSC-HVDC (0.0459): uds (0.0283), uqs (0.0108), idv (0.0031), iqv (0.0012), x7 (0.0025) 
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between the simulation results and the actual results resulted 
from the wind variations, but such condition does not exist in 
this paper. The equivalent parameters of WTGs, transformers, 
and collector cables are set based on the equivalent principle in 
Section III-A. It can be seen from Table III that there are four 
weakly damped or unstable oscillation modes (SSO mode A1, 
MFMs A2 and A6, HFM A3). These modes play an important 
role in the system stability and should be verified, whereas the 
other modes in Table III decay fast and have a negligible impact 
on the system stability. The outer loop integral coefficient (ki4) 
of the DC voltage controller is changed from 20 to 400 at 1.3 s. 
The waveforms and spectrum analysis of the d-axis and q-axis 
voltage at the PCC are shown in Figs. 4 and 5. 






















t = 0.058 s
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Fig. 4.  Simulation waveform and spectrum analysis of the d-axis voltage at the 
PCC following a change of ki4 from 20 to 400 in the single-generator equivalent 
model: (a) simulation waveform and (b) spectrum analysis. 
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Fig. 5.  Simulation waveform and spectrum analysis of the q-axis voltage at the 
PCC following a change of ki4 from 20 to 400 in the single-generator equivalent 
model: (a) simulation waveform and (b) spectrum analysis. 
It can be seen from Fig. 4 that ude mainly contains an unstable 
SSO component of 17.24 Hz (the oscillation period is 0.058 s) 
and a medium-frequency oscillation component of 242 Hz (see 
the zoom-in view of Fig. 4(a)). Meanwhile, it can be known 
from Table III that the two oscillation frequencies correspond 
to the frequencies of unstable oscillation modes, A1 and A2. It 
can be seen from Fig. 5 that uqe mainly contains two oscillation 
components, and their frequencies are 240 Hz and 460 Hz, 
which correspond to the frequencies of A2 and A6 in Table III. 
To verify the HFM A3, the simulation waveform of the DC 
voltage (udc1 with 160 kV rated voltage) at the VSC-HVDC is 
shown in Fig. 6. Fig. 6 shows that udc1 contains an HFM 
component about 588 Hz (the oscillation period is 0.0017 s). 
This component corresponds to the HFM A3 in Table III. 



















t = 0.0017 s
 
Fig. 6.  Simulation waveform of the DC voltage (udc1) at the VSC-HVDC in the 
single-generator equivalent model. 


















t = 0.064 s
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t = 0.069 s
 
(b) 
Fig. 7.  Simulation results when ki4 changes from 20 to 400 in the two-generator 
model: (a) output active power P1, P2 of PMSGs and (b) output active power Pv 
of the VSC-HVDC. 
2) TEM Simulation Verification: In order to verify the 
eigenvalue analysis in Table IV under the TEM, a simulation 
model of a two-generator PMSG-based wind farm with the 
VSC-HVDC is built in PSCAD/EMTDC according to Fig. 3, 
and ki4 is changed from 20 to 400 at 1.5 s. The inside-wind-farm 
SSO1 mode F2 should be observed in the wind farm, and the 
wind-farm-grid SSO2 mode F1 should be observed in the 
VSC-HVDC. Therefore, the waveforms of the output active 
power P1, P2 in the grid side of the first and second PMSGs and 
the output active power Pv in the VSC-HVDC are shown in Fig. 
7. It can be seen from Fig. 7(a) that the oscillation frequency of 
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the output active power in two PMSGs is 15.63 Hz (the 
oscillation period is 0.064 s), which is close to the oscillation 
frequency of the inside-wind-farm SSO1 mode F2 in Table IV 
(16.78 Hz). Meanwhile, Fig. 7(b) shows that the oscillation 
frequency of the output active power of the VSC-HVDC is 
14.49 Hz (the oscillation period is 0.069 s), which is close to the 
oscillation frequency of the wind-farm-grid SSO2 mode F1 in 
Table IV (16.58 Hz). Moreover, the inside-wind-farm SSO 
frequency in Fig. 7(a) is more than the wind-farm-grid SSO 
frequency in Fig. 7(b), and the same conclusion can be obtained 
from the eigenvalue analysis in Table IV. 
The waveform of the DC voltage (udc1) at the VSC-HVDC is 
shown in Fig. 8. It can be observed in Fig. 8 that udc1 contains an 
HFM component about 588 Hz (the oscillation period is 0.0017 
s), which corresponds to the HFM F3 in Table IV. 














t = 0.0017 s
t (s)  
Fig. 8.  Simulation waveform of the DC voltage (udc1) at the VSC-HVDC in the 
two-generator model. 
G. Summary of Oscillation Modes Comparison Between the 
SEM and the TEM 
According to the above analysis, although the SEM 
preserves the dynamic characteristics of the wind-farm-grid 
SSO modes and the frequency characteristics of the TEM, there 
are differences in the number of modes and their damping. 
Compared with one generator in the TEM, the SEM has two 
times higher inertia, which moves certain HFMs in the TEM to 
the range of the MFMs. Therefore, the SEM contains two more 
wind-farm-grid MFMs (A2 and A6), one of which is negatively 
damped, and the other is weakly damped. These modes are 
merely the result of aggregation and will not appear in practice. 
Meanwhile, as the TEM can reflect the interaction between two 
WTGs, the TEM contains one more negatively damped 
inside-wind-farm SSO mode (F2), and this mode is mainly 
affected by the DC voltage controllers of two PMSGs.  In fact, 
the main reason for the differences between the two models is 
that the adopted equivalent principle in [45] only focuses on the 
power flow analysis and the entire response at the PCC, 
whereas the inner dynamics of the wind farm are not considered 
as only one WTG is taken into account. Besides, the 
aggregation of converters is not considered in the principle. 
However, it can be seen from Table V that many modes are 
affected by the converter controllers. Therefore, there is a 
significant difference between the damping ratio of the MFMs, 
A4 and F4, as shown in Tables III and IV. In brief, there are 
obvious differences between the SEM and the TEM in their 
dynamic characteristics. The simple single-generator 
aggregation of wind farm masks some of the internal oscillation 
modes (such as the unstable inside-wind-farm SSO mode F2) 
within the wind farm or alter their characteristics (such as A4 
and F4), and certain additional MFMs (such as A2 and A6) may 
exist because of the aggregation of cable parameters. Some 
guidelines for the future aggregation in the DDWFV are 
provided as follows: 
1) As there might be certain unstable inside-wind-farm SSO 
modes in the multi-machine model, the aggregation of wind 
farm should consider the interactions among WTGs. 
2) As certain weakly damped or unstable oscillation modes are 
affected by control parameters and dynamic characteristics of 
converters, an aggregated model should be proposed to fit the 
dynamic characteristics of converters and control systems. 
It is worth mentioning that the bandwidth of the PLL and DC 
voltage controller of the PMSG power generation system is set 
different in the system under study. When the bandwidth of the 
PLL is close to the bandwidth of the DC voltage controller, the 
interaction between the PLL and DC voltage controller will 
become strong, and then the PLL may participate in the SSO 
modes to a large extent [49]. In this case, the participation 
factors analysis in Table V should include the state variables of 
the PLL, which will be the future work. 
IV. ADEQUACY FOR THE SSO STABILITY ENHANCEMENT BY 
OPTIMIZING PMSG PARAMETERS 
Table V shows that the inside-wind-farm SSO mode F2 
(defined as the SSO1 mode in this section) and the 
wind-farm-grid SSO mode F1 (defined as the SSO2 mode in 
this section) are related to the state variables of PMSGs. Thus, 
there is a damping coupling relationship between the two SSO 
modes with the change of PMSG parameters. Once the 
damping trends of the two SSO modes are different, while 
optimizing PMSG parameters to increase the damping of SSO2 
modes in the SEM, the damping of SSO1 modes in the TEM is 
reduced. This may lead to an unstable TEM and has an adverse 
impact on the system stability. In order to evaluate the 
adequacy of the SEM for improving the SSO stability by 
optimizing PMSG parameters, it is necessary to analyze the 
damping coupling characteristics between the two SSO modes 
with the change of PMSG parameters. 
It can be seen from Table V that the two SSO modes are 
mainly affected by the DC voltage controllers in the GSCs of 
the wind farms, and the MSC controllers have a negligible 
impact on the two SSO modes. Therefore, the impact of the DC 
voltage controller, the filter inductance and the DC capacitance 
of PMSGs on the damping coupling characteristics should be 
analyzed. 
Based on the two-generator small-signal model of (3) and the 
parameters in [43], as the DC voltage controller parameters, the 
filter inductor and the DC capacitor increase (the parameters of 
two PMSGs are changed at the same time), the trends of the two 
SSO eigenvalues are shown in Fig. 9. Accordingly, the 
damping trends of the two SSO modes are obtained, as shown 
in Table VI. 
Table VI shows that with the change of PMSG parameters, 
the damping of the SSO1 mode and SSO2 mode increases or 
decreases simultaneously. Therefore, while optimizing PMSG 
parameters to suppress the SSO2 in the SEM, the SSO1 that is 
produced by the interactions among PMSGs in practical 
projects can be suppressed. This conclusion implies that the 
SEM is suitable for improving the SSO stability of the 
multi-machine system by optimizing the PMSG parameters.
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THE IMPACT OF PMSG PARAMETERS ON THE DAMPING CHARACTERISTICS OF 
TWO SSO MODES 
Parameters Damping of SSO1 Damping of SSO2 
Outer loop proportional 
coefficient kp4   
  
Outer loop integral 
coefficient ki4   
  
Inner loop proportional 
coefficient kp5   
- - 
Inner loop integral 
coefficient ki5   
  
Filter inductor Lg   - - 
DC capacitor C     
Note:  denotes increase;  denotes decrease; - denotes increase first and then 
decrease; - denotes decrease first and then increase. 
In order to verify the theoretical analysis, ki4 is changed from 
20 to 200 and 400 at 1.5 s, respectively. Based on the 
PSCAD/EMTDC simulation model of a two-generator system 
in Fig. 3, the responses of the output active power P1, P2 in the 
first and second PMSGs and the output active power Pv in the 
VSC-HVDC are shown in Fig. 10. Fig. 10(a) shows that the 
output active power in the wind farm diverges with time 
gradually, and the damping when ki4 = 400 is smaller than the 
damping when ki4 = 200. Similarly, the same conclusion can be 
drawn in the output active power of the VSC-HVDC from Fig. 
10(b). Therefore, with the increase of ki4, the damping of the 
SSO1 mode and SSO2 mode reduces simultaneously, which 
verifies the theoretical analysis shown in Table VI. 










































Fig. 10.  Simulation results when ki4 changes from 20 to 200 and 400 in the 
two-generator system: (a) output active power P1 and P2 in PMSGs and (b) 
output active power Pv of the VSC-HVDC. 










































































































































































































































(a) Impact of kp4 (0.2 - 2) (b) Impact of ki4 (140 - 235)
(c) Impact of kp5 (0.4 - 4.4) (d) Impact of ki5 (2.5 - 50)
(e) Impact of Lg (0.002 H - 0.021 H) (f) Impact of C (12 mF - 25 mF)
 
Fig. 9.  Impact of PMSG parameters on two coupling SSO modes in a two-generator PMSG-based wind farm with the VSC-HVDC: kp4 - outer loop proportional 
coefficient, ki4 - outer loop integral coefficient, kp5 - inner loop proportional coefficient, ki5 - inner loop integral coefficient, Lg - filter inductor, C - DC capacitor. 
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In this paper, the dynamic models of a two-generator system 
and the SEM of the DDWFV were built. Through the 
eigenvalue analysis and participation factors analysis, a 
stability comparison between the TEM and the SEM was 
presented, and the time-domain simulations were further 
performed to verify the theoretical analysis. The adequacy of 
the SEM for stability analysis in the DDWFV is explored in 
two aspects, which are summarized as follows: 
From the perspective of the adequacy for oscillation modes 
analysis, the SEM preserves the dynamic characteristics of the 
wind-farm-grid SSO modes and the frequency characteristics 
of the TEM, but there are differences in the number of modes 
and their damping. The SEM and the TEM both contain 
wind-farm-grid SSO modes that are mainly affected by the 
grid-side DC voltage controllers in PMSGs and the d-axis 
voltage controller of the rectifier in the VSC-HVDC. However, 
compared with the TEM, the SEM contains more 
wind-farm-grid medium-frequency modes. These modes are 
merely the result of aggregation. Meanwhile, the TEM contains 
more inside-wind-farm SSO modes compared with the SEM, 
which are mainly affected by the grid-side DC voltage 
controllers in PMSGs. Moreover, there is a significant 
difference in the damping of certain medium-frequency modes 
between the SEM and the TEM. Therefore, the single-generator 
aggregation of wind farm hides some of the internal oscillation 
modes (e.g., unstable inside-wind-farm SSO modes) within 
wind farms or alter their characteristics, and certain additional 
medium-frequency modes exist because of the aggregation of 
cable parameters. An improved aggregation method should be 
developed as future work to preserve the critical modes of the 
DDWFV without adding other modes. 
On the other hand, from the perspective of the adequacy for 
improving the SSO stability by optimizing the PMSG 
parameters, the SEM is suitable because the damping trends of 
inside-wind-farm SSO1 modes and wind-farm-grid SSO2 
modes are identical with the change of the PMSG parameters. 
By optimizing the PMSG parameters to suppress the SSO2 in 
the SEM, the SSO1 that is produced by the interactions among 
PMSGs in practical projects is suppressed. 
This paper only presents the adequacy analysis of the SEM 
compared with the WTGs in parallel connection. The future 
studies will focus on the improved single-generator aggregation 
method and the adequacy analysis of the SEM compared with 
the groups of WTGs in other connections. 
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